The present study reports the utilization of three approaches viz Pharmacophore, CoMFA, CoMSIA and HQSAR studies to identify the essential structural requirements in 3D chemical space for the modulation of the antimalarial activity of substituted 1,2,4 trioxanes. The superiority of Quantitative pharmacophore based alignment (QuantitativePBA) over global minima energy conformer-based alignment (GMCBA) has been reported in CoMFA and CoMSIA studies. The developed models showed good statistical significance in internal validation (q 2 , group cross-validation and bootstrapping) and performed very well in predicting antimalarial activity of test set compounds. Structural features in terms of their steric, electrostatic, and hydrophobic interactions in 3D space have been found important for the antimalarial activity of substituted 1,2,4-trioxanes. Further, the HQSAR studies based on the same training and test set acted as an additional tool to find the sub-structural fingerprints of substituted 1,2,4 trioxanes for their antimalarial activity. Together, these studies may facilitate the design and discovery of new substituted 1,2,4-trioxane with potent antimalarial activity.
Introduction
In spite of worldwide efforts to combat malaria, it still kills approximately one million people, mostly children, each year [1, 2] . There is no fully effective prophylactic vaccine against malaria till date [3, 4] and the major problem in the chemotherapy of malaria is the development of resistance of the Plasmodium falciparum parasites to many of the standard quinoline antimalarial drugs like chloroquine [5] . The discovery of artemisinin, extracted from the plant Artemisia annua, has opened a new era in the malarial chemotherapy. Artemisinin and its more potent analogues viz. artemether, arteether and artesunic acid represent the endoperoxide class of compounds which are highly active against both chloroquine-sensitive and chloroquine-resistant strains of P. falciparum [6] . The WHO-recommended artemisinin combination therapy (ACT) is the best option available till date for the chemotherapy of malaria [7] . The ligand based approaches like three-dimensional Quantitative Structure Activity Relationship (3D-QSAR) studies have been quite useful in identifying the essential structural requirements for biological activity of the compounds where the 3D structure of the exact target is unknown [8, 9] . Therefore, considering the importance of artemisinin and its analogues as potent class of antimalarial drugs effective against the multidrug-resistant P. falciparum strains and unavailability of the exact target for this class of molecule [10] we have earlier reported the Discovery studio (DS) [11] based quantitative pharmacophore model utilizing this class of molecules [12] . The DS based pharmacophore models are more computationally intensive, as they consider many conformations (number ≤ 255) of each molecule to generate the QSAR equations [13] , but they give the minimum essential structural requirements for the activity in terms of favorable regions and do not give any information about the features that diminishes the biological activity. The successful application of CoMFA, CoMSIA technique to understand the effect of contrast of structural requirements in 3D chemical space has been reported by many research groups in recent past [14, 15] . Thus, on our next move we focused on to the less computationally intensive CoMFA, CoMSIA models on the same dataset which not only provide the information about the favorable regions but also give the information about the unfavorable regions in defining the potency. Structural alignment is perhaps the most subjective, yet critical, step in CoMFA study.
In our earlier studies the global minima energy conformer-based alignment (GMCBA) had shown better results than docked conformer-based alignment (DCBA), and co-crystallized conformer-based alignment (CCBA) [16] . Further, we had also reported the superiority of qualitative pharmacophore based alignment (QualitativePBA) over GMCBA where the cocrystallize structure of the molecule is unknown [17] . Now, we herein report the superiority of quantitative pharmacophore based alignment (QuantitativePBA) over GMCBA in terms of statistical significance. Besides the knowledge gained from the CoMFA, CoMSIA studies in terms of favorable and unfavorable features in 3D space to regulate the antimalarial activity of this class of compounds, the HQSAR studies based on the same molecular conformations of the training and test sets were also performed to generate the molecular fingerprints for the structures of the artemisinin derivatives relevant to their antimalarial activity. The HQSAR offers the ability of rapid and easy generation of high statistical quality QSAR models [18] . The premise of Hologram QSAR (HQSAR) is based on the assumption that the structure of a molecule is a key determinant (fingerprint) of the biological activity. The HQSAR studies however use an extended form of fingerprint, known as a "molecular hologram", which encodes more information in terms of branched and cyclic fragments including their stereochemistry, than the traditional 2D fingerprint. Together, the resulting three layered QSAR models will help to better understand the role of different chemical features in governing antimalarial activity of substituted 1,2,4-trioxanes and may serve as a tool for developing more potent antimalarial agents.
2.Method and Material

2.1.Biological activity.
The QSAR studies were performed using eight series of substituted 1, 2, 4-trioxanes comprising 88 artemisinin analogues (activity ranges from 1.4nM to 2000nM) reported in literature [19] [20] [21] [22] [23] [24] . The homogeneity of the biological assays is one of the important aspects in QSAR study therefore, the dataset was collected from the same research group following the same biological testing protocol. It has been suggested that the generated models should be tested on a sufficiently large test set to establish a reliable QSAR model [25] therefore, the molecules were rationally divided into training set of 45 and the test set of 43 compounds in such a way that both sets cover the structural diversity of following eight different chemical prototypes and entire range of biological activity ( Figure 1 and Table 1 ). Figure. 
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Computational approach and Molecular alignment
The CoMFA and CoMSIA molecular modeling studies were performed using SYBYL software
[26] running on a Silicon Graphics Octane R12000 workstation. In 'GMCBA' method, the 3D structures of the molecules to be analyzed are aligned to a suitable conformational template, which is assumed to adopt a ''bioactive conformation''. Hence, in this case the molecular structures of all the compounds were drawn using the most active compound 40 as a template in SYBYL6.9 where the partial charges were calculated using Gasteiger-Hückel method and geometry optimized using Tripos force field with a distance-dependent dielectric function and energy convergence criterion of 0.001 kcal/mol Å using 1000 iterations and standard SYBYL settings. The conformational search was performed using multi-search method with the following settings: maximum cycles (400), maximum conformers (400), energy cutoff (70 kcal/mol), maximum rms gradient (3.0) tolerance (0.40), and number of hit (12) . The minimum energy conformations thus obtained were used in the GMCBA analysis. The substructure (shown in blue color) of the most active compound 40 ( Figure 2A ) was used as a template for molecular alignment. Whereas, in the QuantitativePBA analysis the earlier reported quantitative pharmacophore based alignment of all the 88 artemisinin derivatives was exported to SYBYL6.9 interface for CoMFA and CoMSIA studies ( Figure 2C ). The partial charges for all the compounds were calculated using the Gasteiger-Hückel method. The overall alignment of the training set molecules for the GMCBA and QuantitativePBA method has been shown in Figure   2B and 2D. Figure. 2 about here
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CoMFA
The CoMFA methodology was first reported by Cramer et al. [27] through which a threedimensional QSAR model can be derived for a set of ligands by sampling the steric and electrostatic fields around them with respect of their biological activity. In the present study the aligned molecules of the training set were positioned in a 3D cubic lattice with a grid spacing of 2.0 Å in x, y and z directions for deriving the CoMFA fields. The steric (Lennard-Jones potential) and electrostatic (Columbic with 1/r dielectric) fields were calculated at each lattice point using Tripos force field and a distance dependent dielectric constant of 1.0. An sp 3hybridized carbon with a +1.0 charge and a radius of 1.52 Å was used as a probe to calculate various steric and electrostatic fields. An energy cutoff value of 30 kcal/mol was applied to avoid too high and unrealistic energy values inside the molecule.
CoMSIA
The CoMSIA technique is based on the molecular similarity indices with the same lattice box used for the CoMFA calculations [28] . It is considered superior to CoMFA technique in certain aspects such as the results remain unaffected to both, region shifts as well as small shifts within the alignments, it does not require steric cutoffs and more intuitively interpretable contour maps.
In the present study, five different similarity fields viz. steric, electrostatic, hydrophobic, H-donor and H-acceptor were calculated using the standard settings of CoMSIA (Probe with charge +1, radius 1 Å and hydrophobicity +1, hydrogen-bond donating +1, hydrogen-bond accepting +1, attenuation factor of 0.3 and grid spacing 2 Å). 
Partial least squares (PLS) and Predictive r2 analysis
Results and discussion
CoMFA and CoMSIA studies
Since, the CoMFA and CoMSIA are highly sensitive to the relative alignment of molecules, it was important to determine the best alignment rule for these molecules having varying structures. Among the QuantitativePBA and GMCBA methods for the alignment for all the 88 artemisinin derivatives, the best alignment was selected on the basis of statistical parameters obtained both for CoMFA and CoMSIA models listed in Table 2 . Since the QuantitativePBA based alignment method gave the model with best statistics and predictive values, this alignment was further used for systematic CoMFA, and CoMSIA studies.
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CoMSIA analysis
The 
Test Set Validation
The test set validation is the rigorous validation for the model where the activity predictions for compounds not included in the training set are made. The external predictive ability of the generated CoMFA model was evaluated for the test set of 43 molecules where the obtained predictive r 2 value (r 2 pred) of 0.635 further supported the high predictive ability of the generated model ( Figure 3A) . The predictive pIC50 values of the training as well as test set molecules based on the CoMFA model are listed in the Table 3 . Similar to the CoMFA model, the CoMSIA models also showed the high external predictive ability (r 2 pred) of 0.713 for the external test set ( Figure 3B ). The observed and predicted activities of the training and test set by the best
CoMSIA (SEH) model are shown in Table 3 . These results for the test-set compounds provide strong evidence that the CoMFA and CoMSIA models so derived are able to predict well the antimalarial activities of structurally diverse artemisinin derivatives.
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CoMFA and CoMSIA contour maps analysis
The coefficients from CoMFA and CoMSIA models were used to generate 3D contour maps.
which determine the vital physicochemical properties responsible for variation in activity and also explore the crucial importance of various substituents in their 3D orientation. The generated
Contour maps from the above hypothesis of CoMFA and CoMSIA analyses are shown in Figure. 4A 
HQSAR Study
The role of 1,2, 4 trioxane ring in the artemisinin derivatives for defining the antimalarial activity is well established. Although the CoMFA and CoMSIA studies gave an insight about the quantitative role of chemical features in modulating the antimalarial activity in terms of favorable and unfavorable contours still the HQSAR studies were performed on the same data set to find out the minimal 2D sub-structural requirement for antimalarial activity besides the well known role of 1,2,4 trioxane ring. The HQSAR models were generated using the default fragment size (4-7) combined with various fragment types and various hologram lengths as summarized in Table 4 and plotted in Figure 5 .
Please Insert Table 4 Figure 4D where the cyclohexy group and ring formed by the 3C chain linkers both attached with trioxane ring define the antimalarial activity besides the well known 1,2,4 trioxane ring.
These findings also corroborates with the CoMFA, CoMSIA and DS based pharmacophore studies where these chemical group were found favorable in defining the antimalarial activity.
Conclusion
The present study describes a successful application of combination of three different computational approaches to identify essential structural requirements in 3D chemical space for the modulation of the antimalarial activity of substituted 1,2,4-trioxanes. Each approach has its own advantages and disadvantages. The CoMFA and CoMSIA have been applied successfully to rationalize the 3D space in diverse substituted 1,2,4-trioxanes in terms of their steric, electrostatic, and hydrophobic interaction for their antimalarial activity. The developed models showed good statistical significance in internal validation (q 2 , group cross-validation and bootstrapping) and performed very well in predicting antimalarial activity of 43 substituted .   Table 1 . Structures of the molecules used in training and test set. 
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